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DISTRTBUTION OF BEARING REACTIONS ON A ROTATING SEAFT
SUPPORTED ON MULTIPLE JOURNAL BEARTNGS

By S. 8. Manson and W. C. Morgan

SUMMARY

An anslytical treatment of the problem of determining the
distribution of reaction forces armong multinle plain bearings sup-
porting a shaft subjJected to rotating loads 1s presented. The treat-
ment differs from others in common use in that account is taken of
the hydrodynamic effect of the oll film between the Journals and the
bearings. A relation is expressed between the eccentric rumning
position of a Jourral within its bearing and the load hydraulically
suprorted by this bearing; this rvlation, together with the conditions
of e¢lasticity for the shaft ané the bearing supports, provides a suf-
ficient number of equations for an analytical determination of the
reactions at sach bearing of a mltiple-bearing systenm.

An investigation conductsd on & straight shaft operating in a
soven-bearing crankcase of sn aircraft engine is presented to show
the importance of the hydrodynamic effect of the oil film. Results
indicated that the hydrodrnamic effect should be comsidered in
nroblems involving the distribution of bearing reactions.

INTRODUCTION

A lmowledge of the distribution of reactions among the bearings
of a dynamically loaded shaft supnorted at three or more plain Journal
bearings is of importance in the design of shafts and bearings. The
standard design practice of calculating the bsaring loads in in-lins
aircraft engines develonod by Ceminez and Iselsr in 1923 assumes that
a load applied between two bearings produces equal reactions at these
two bsarings snd that no reactions are present at remote bearings.
Refinecmsnts arc often considered that take into account the elastlcity
of the crankshaft and crankcase (references 1 to 3); in reference 4
congideration is given to the mechanical effect of clearance between
the Journals and the bearings. Another factor that has not been
coneidered is the hydrodynamic factor resulting from the presence
of an o0il film between the Journals and the bearings. This factor
may considerably affsct the bearing-load distribution.
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A Journal flosting in a nlaln hearing ie supported by the
hydravlic pressure of the oil film in the space betweeun the Journal
and the bearing. The position that the Journel assumes in the bearing
is dependeni, among other fsctors, on the load carried by the bearing
and on the hydrodynamic properties of the oil film. A set of inter-
relations therefore results among the propertiss of the oll fllms in
the various besrings and the loads carried by the bearings. The boaring
loads may be deteimined from equations expressing these rulations,

An elementary solution of the problem of a shaft supported on
seven bearings and loaded between any two of these bearings is presented.
The solution is elementary in that ideal properties are assumed for the
clastic properties of the shafit and bearing systcems and for the hydro-
dynamic properties of the oil film. Furthermore, a linear relation is
assumed between the bearing load and the eccentric rumning position of
the Journal in the beering, a condition that is more liksly to bs present
under light loading of the shaft than under the heavy lcading ordinarily
encountered, for example, in in-line aircraft engines. The method does,
however, show the approach that can be mede towards the sovlution of the
problem and it also emphasizes the importance of such variables as
clearance over which the dssigner has some control and whereby the
tearing-load distribution may be controlled.

The results of an experimental program underteken to test the
validity of the analysis sre also reported. In thils program, rotating
loads were applied to a straight shaft and to a crankshaft supported in
a conventional aircraft-engine seven-bearing crankcase. The load
carried by each of the bearings was measured by wire-resistance strain
gages so mounted in the bearings as to indicate the hydraulic pressure
in the oil film carrying the load. This investigation shows the
importance of the hydrodynamic effect of the oil film and the dlscrep-~
ancy that can exist between the conventionally calculated and the
measured bearing loads.

TREATMENT OF PROBLEM OF MAIN BEARING LOADS ON BASIS OF
BYDRODYNAMIC THEORY OF LUBRICATION

It has been established by the hydrodynemic theory of lubricatlon
(reference 5, pp. 106-125) that a lcaded Journal floats eccentrically
within the oil film in the clearance space between the Journal and the
bearing and that the amount and the direction of the eccentricity are
dependent, among other facturs, on the load. For a journal bearing
without end leakage, the relation is given by equation (8l) of
reference 5 (p. 113)
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(1)

wvhers
P load, pouinds
viscosity of lubricating oil, weyns
U peripﬁeral velocity of Jourmal, inches per sscond

L length cf bearing (dimension parallel to bearing axis), inches

r radius of beering, inches

c radial clearance betwsen Journal and beering, inches

C, dimensionless load factor dependent upon e/c, as shown In
- figure 1

e eccentricity of. Journel (distance between centers of Jjourmal

and bearing), inches

For moderate values of e/c (less than 0.75), Cp 1is anproximately
precportional to e/c; in this case squation (1) reduces to

e = kP (2)
where

k congtant dependent upon valus of CP

For a bearing cf infinite axial length, the directions of the load P
and of the eccentricity e are at rignt angles, as shown in fig-

ure 2(a). When both the load and the ecsentricity are resolved into
X and Y components, it is seen thatb

ey = kPy
(3)
°x = “KPy

The X comwonent of load is projortional to the Y component of
eccentricity; the T component of load is negatively proportional
to the X component of eccentricilty,
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In conslderstion of practical bearings of short axial length,
equation (1) may be expressed as

]
X'P = Egéﬁ_.c (4)
1Y
c8

The coefficlent k' 1is greater than unity and devends upon the ratioc
of the effective length in the direction of motion of the bearing
(one-half of the bearing circumference) to the axial length of tho
bearing. (See reference 5, p. 175.) The greater the ratio, the
lerger will be the coefficient. In addition, as the bearing length L
becomes less, the direction of sccentricity e apmroaches ihe direction
of Joad P until the direction of eccentricity ies nearly coircident
with thet of the load. This concept is presented in figure 2(b).
Actually, the coincidence of these directions cen be accomplished
only by increasing e/c to high values at which P is not exactly
proportional to e. For thils simplified consideration, however, the
proportionality relation may be expressed by

ey = KPy (5)

where K 1s a proportionality factor. ZEquation (5) states that the
Journal assumes an eccentric pecsition in the bearing and that the
eccentricity ie in the direcctlon of the load and proportional to ib.
The proportionslity fector X 18 greater than the factor &k of
equation (3).

Application of Theory

An unloaded rotating shaft will float concentrically within the
bearings, supported by an oil film of uniform thlckness in each
bearing. As load is applled, the shaft assumes a position of eccen-
tricity with regard to the bearing. This eccentricity may occur
because of shaft or bearing displacement. Actually, because both
shaft and bearing frame (in this analysis, a strailght shaft and
seven bearings) are assumed to have elasticity, both tyres of dis-
placement may occur. Running eccentricity may be congidered to be
the difference botween the displacement of the Journmel and that of
its suprorting bearing. At any ovearing tanerefore

e, =08, -8 =K (8)
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where

ep, running eccentricity, inches

3y  Gisplacement of Journal, inches
8,' displacement of bearing, inches

reaction at bearing n when shaft is loaded, pounds

ju}

number indicating locaticn in arbitrary systsm of numbering
bearings with reference to bearing frame

The displecements of the shaft at the locations of the various
bearinge are first ccnsidered. Two types of displacement are
2wagible: rigld-body and shaft-bending deflection displacements.
Tigore 3 showa the sketches used in the =znalysie; the horizontal
iine indicates the poeition that the center line of the unloaded
shaft or bcaring frame would assums; the curved line shows the center
line that the shaft or frame would have when deflected by load; the
dasghed line indicates the change in posltion that would occur if
%he shaft was dlasrlaced in the bearings withcut berding. In fig-
ure 3(a), the displacements of the shaft from the central position

P

at bearinge I and 7 are taken as 5, end 87, resgpectively, for

an external load v applied between bearings 6 and 7. If the

shiaT™t were perfectly rigild, there would be a displacement at

every Jjournal as shown by the dashed line in figure 3(a). For
sxample, at the location of bearing 2 there would be a rigid-body
displacement of &) + % (87 - 87). In addition, there 1s the
displacement of the Journal at bsaring 2 resulting from the bending
wroduced by the Zoad p end the bearing reactions X3, Xz, . . .
=t cach of the bearings. The total displecement of the ghaft at the
location of bearing 2 1s

1
82 = 83 + 5 (87 - 81) - dp 2Xp - d3 Xz - dg %4 - 45 2%5
- dg,2%g + dp,2 P (7)
where

d, o 8lmple bending deflection of shaft at bearing 2 caused by
? unit reaction load at besring o

4. o sSimple bending deflection of shaft at bsaring 2 caused by
* a»plied load betwsen bearings 6 and 7
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The deflections of the bearing frame at the locations of the various
bearings are next considered. The bearing frame is assumed fixed at
two supports (&t bearings 1 and 7) and the only loads applied o it

are the loads at the bearings. Diaplaceuments congist only of simple
bending deflections; fur vearing 2 the deflection is given by

' = 8p,2'Xp + d3 2'Xz + 8y 2'Xy + d5 2'X5 + dg,3'%g (e)
where

dp,p' 8&imple bending deflecltion of frame at bearing 2 caused by a
! unit reaction load at bearing n

When equation (8) is subtractsd from equabtion (7)
Bz = Bg' = By + zl;‘ (87 - 81) + 4y 2p - (dz,2 + d3,2") X
- {83 2 + d3.2") Xz - (8g,2 + 4g.2") X4 = (45,3 + d5.2") X5
- (8g,3 + dg ') X (9)

The eccentricity is proportional to the load and from equation (8)

83 - 83" = KXp (10)
8y = KX; (11)
8, = KXy (12)
if
Zp,2 = 4n,2 * On 2
where

Zy o sum of simple bending deflection of shaft at bearing 2 caused
! by 'mit reactioun load at bearing n and simple bending
deflection of frame at bearing 2 caused by unit reection
load at bearing =n
equation (9) reduces to
1
Kp = KX + K (X7 - Xy) + 8y 20 - By 2%p - T3 %5 - 24 2%y

- Z5,2%5 - Zg,2%g (13)
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A first approximation or the bending deflections 'dz,z, dz,z':
dz 2, « . . can be obtalned if the shaft is assumed to be a uniform
heam cf rigidity E1I; and the bearing frame a uniform beam of rigidity

E9Ios, where E represents the modulus of elasticity and I the
morent of inertia. By uee of the notation of figure 3(b) (see formulas
of weference 6 (pp. 168-169))

DyDs 2 2 2 (101} {21)
dz 2 = git— (D% - Di® - DB = L
2,2 T EDE.I, A BY0Z1) (B11)
; \ 5
[_(lzz,-z - (21)% - (102)2:] = 100 _2° (14)
9 Iy
where //'

D length of beam, inches

Dy distance between lefi-hand end of beam and load caused only
by deflection, inches -

D distance between rigit-hand end of beam and load under con-
gideration, inches

3 one-half of distance between adjacent bearings, inches

Similarly, for the freme

_ 100 15 15
%2,2' = T ET; (15)
Therefore
5, 5 = 100 <-z3 L 28 > (16)
’ 9 \EiI1 ExIpz/

By following a similar vrocedure, the remeining values of Zh,z

can be determined. Figure 3(c) shows the notation upon which the
definition of the coefficlent dn,z is based.

- DD . _ 1 (21)
9,2 = BT, (02 -2 - 228) = vy )
[(12‘1)2 - (1)2 - (21)2] - 19 15 (17)

36 EqiI3
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When these values are stbstituted into equation (13) and when the
Pfractions are sliminated from the numerical values

.3 3 3
159 = p = oo+ ) (4008, + 608Xz + 624X, + 496Xs
LARSY Iy Eplp

+ 272Xg) - 30KX; + 36KKp - 6KXy (18)

3 3
When equation (18) is divided by (%ifz + E;Ié
/

1
20 v ep—— s————— — 2
138 B111 \ P = 4OOX2 + Gde3 + 624X4 + 496X5

1+EI
21z /
/ X
+ 272Kg +[ TETTE (-30%, + 36X, - 6X;)
ERSAN P (18)

Let
1
51

ExIy

1+

and
_ K

J 9
where

w constant dependent on modull of shaft and bearing frane

m stiffness parameter dependent upon moduli of shaft and bearing
freme, physical dimensions of shaft and bearing frame, and
dimengional and nondimensional gquantities given in equation (1)

When these values are substltuted intc equation (19),

138%up = -3OmX_—L + (400+ 36m)X2 + 608X5 + 624}:4 + 496X5+ 272X6 - sz7
(20}
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The sqneations for the displacements at the remalning intermediate

bearing locations 3 to 6 are fetermined by a similar procedure. In '
ordsr to obtain the additional equatione required for simultaneous

golution, an equaticn for static equilibrium is written *

=X +Xp + Xz + X4 + X5 + Xg + Xy (21)

and in addition a moment equation is set up by taking moments about
the location of bearing 1. (See figure 3(a).)

llp = 2Xp + 4Xz + 6X4 + OXg + 10Xg + 12X, (22)

The bearings are assumed to be spaced equally and to be sym-
metrical with respect to the center main bearing. It is therefore
recessary to consilder only the successive applications of load
between bearings 6 and 7, 5 and 6, and 4 and 5. The equations for
the corresponding lccations of applied lcad between bearings 1 and 2,
2 and 3, and 3 and 4 are in the same form.,

The following summery of the three sets of simultaneous equations
required for solution of & seven-bearing problem completely defines
the hydrodynamic analysis:

For & load between bearings 6 and 7

P=Xy +Xp + X3+ X4 +X5+ Xg+ Xy (21)
Lip = 2% + 4%z + 6% + 8%5 + 10Xg + 12Xy (22)
139up = -30mX3 + (400 + 36m)Xp + 608Xz + 624Xy + 496Xs :
+ 272Xg - 6uXy (20)
127wp = -12mXy + 304X, + (512 + 18m)Xz + 552X, + 448Xg
+ 248Xg - 6mXy (23)
107wp = -6mX; + 208X, + 366Xz + (432 + 12m)%, + 363X '
+ 208Xg - 6mXy (24)
158wp = -6mXy + 248X, + 448Xz + 552X, + (512 + 18m)Xs

+ 304Xg - l2mX, (25)
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2liup = -6mX, + 272X, + 496Xz + 624X, + 608X

+ (400 + 36m)Xg - 30mX, (26)

For & load between bearings 5 and 6

P=X; + Xy + Xz + Xy + X5+ Xg + Xy (21)
9p = 2X, + 4Xz + 6Xy + 8 + 10Xg + 12X _(27)
393wp = -30mX; + (400 + 36m)Xp + 608Xz + 624X, + 496Xg
+ 272Xg - 6mXq (28)
357wp = -12mXy + 304Xp + (512 + 18m)Xz + 552Xy + 448%g
+ 248Xy - 6uXy (29)
297wp = -6mX; + 208Xy + 368Xz + (432 + 12m)Xy + 368%g
+ 208Xg - 6mXy , (30)
4260p = ~BmX; + 248X, + 448Xz + 552X, + (512 + 18m)Xs

+ 304Xg - 12mX, (31)
53lwp = -6mXy + 272Xp + 496Xz + 624Xy + 608Xg
+ (400 + 36m)X6 - SOTD.X.'? (32)

For a load between bearings 4 and S

?=X1+X2+X3+X4+X5+X6+X7 (21)
e = ZXZ + 4X3 + 6X4: + 8X5 + lOXG + 12X7 (33)
575wp = =30mX] + (400 + 36m)Xz + 608Xz + 624X, + 496Xg
515wp = -l2mX; + 304Xy + (512 + 18m)Xz + 552Xy + 448Kg

+248Xg - 6uX, (35)
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415wp

n

-6mX, + 208X2 + 358X3 + (432 + lZm)X4 + 368X5

+ 208X5 - 6mX, (3€)
£53wp = -6mX; + 248X, + 448Xz + 552X, + (512 + 18m)Xg
+ F04Xg ~ l2mXy (37)
637wp = —Gle + Z?ZXZ + 496X5 + 624X4 + 608X5
+ (400 + 3€m)Xg - 30mX, (38)

In order to obtain a complete solution of these equations, it
would be necessary to congider ell possible values of (¢ and m.
Inspection of the eguations shows that, for a glven value of m,
all rsactions ars linear functions of . Solutions therefcre can
be obtained for ® = 1 (a completely rigid frams) and for w0 = 0
(verfectly flexible frame), end a linear interpoiation can be made
vetween these solutions for any othsr value of w. Figures 4 to 6
show the reactions for the case ® = 1 at each of the bsarings for
ioade applied between any two bsaringa.

Imitations of Tuheory

The limitatlons of the theory should be considered in order to
evaluate the exten: to which the results can be considsred quanti-
tative,

Equation (1) is based on the analytical hydrodynamic theory of
lubrication, which assumes a complete and uniform oil film and other
deal conditions not ordinarily reasllzed in practice. The solution
proceedlng Irom this equation maekes the tacit assumption that the -
viscoglty is uniform wilthin a given bearing and among all bearings.
This assumption 1s open to question bscause the oil in the bearings
taking the highest loads is heated more, which reduces its viecosity.
Also, the clearance is assumed constent among all bearings. In
vractice the clearances are different for all besarings, which mist
have an important effect on the result because ¢ enters as a
gquared term in equation (1) and actually existe as a hidden cube
term in the factor XK of equetion {(S5). The length is also assumed
constant for all bearings, which is not necessarily the case in all
practical applications.
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Anothey serious limitation is the. assumption of equation (5)
that the Journal assumes an eccentric posgition in the bearing snd
that the eccentriclty is in the direction of the locad and proportional
to it. Within the lineer portion of the curve of figure 1, equation (3)
would probably be more valid. A solution based on equation (3} that
Involves consilderation of reactions at right angles to the applied
load and results in 14 equations and 14 unknowne has also been obtained.
the results for reaction forces Iln the plane of the external loads are
substantially the same as those determined from the seven-egquation
solution that is presented. A more serious discrepancy occurs, however,
because operation is usuvally in the region of large values of e/c, for
which the curve 1s not linear.

An additional source of error lies in the calculatlon of the deflec~
tion numbers by the use of equations (14) and (15). In order to attach
numerical significance to these coefficients, 1t ls necessary to assume
tliat both the bearing frame and the shaft could be replaced by equiva-
lent uniform beams. The assumpblon 1s, of course, opsn to question.

In view of the foregoing limitations, it is evident that the
theory should be consildered for its gualitative indicatlions rather
than for its quantitative conclusions. Ite most significant contril-
bution is the indication of the importance of the oil film on load
digtribution and of the variables tuat affect the solution. ZEquation (1)
shows, for example, the importance of amount of clearance. t appears
that the distribution of bearing loads can be alfected by the relative
clearances among bearings. It may, in fact, be desirable to control
the loads by the proper proportioning of the clearances.

EXPERIMENTAL METHODS AND EQUIPMENT

A schematic diagram showing the arrangement of the principal
parts of the test equipment and a sketch of a modified bearing are
presgented in figure 7. A crankcase without cylinder blocks from a
l2-cylinder alrcraft engine wes used as a seven-bearing frems for a
gtraight hollow shaft and for a conventional crankshaft. A dlagram
of the test setup is showvn in figure 7(a). Loads wers centrifugally
applied to the straight shaft by means of unbalanced weights that
could be attached at any desircd location. Power for rotation of the
shaft was obtalned from an electric motor through a variable-speed
changer.

Qualitative measurements of bearing reactions wers mads by the
usge of wire-resistance strain gages one-sixteenth inch in length. As
shown in figure 7(b), two strain gages were mounted in the centers of
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circular recessss in the back of.each bearing shell at top-center
nogition, equidistant between the center cf the oill-distribution
groove and the outer edges of the bearing surface. The strain

gages consist of filaments of very fine resistance wire wound on
thin forms of nonconducting material. When mounted upon a test
member, these gages are Insulated from the surface of the member

by a thin coating of synthetic rssin, which also bonds the gages

to the surface, The strain that is produced in the test part by
applications of load causes a similar strain in the gage wire with

a resultant resistance changs. This change in electrical resistance,
when sultably interpreted, indicates the magnitude of strain in the
part at the location of the gage. The flat surfaces of the circular
recessges in the backs of the bearings were considered to form thick
dlarhragms; the hydraulic piessure within the o1l film was considered
2 load. The maximum strain occurs at the center of a loaded diaphrsgm;
therefors, the loads imposed by the hydraulic preassurses within the oil
iilm would cause resistancs changes in the strain gages. Strain-gage
signals wers recorded on an oscillograph. The angular position of
the unbalenced weight with reference to strain-gage signals was indi-
cated by & timing mark rescorded upon the oscillograph film similta-
neously with the gage signals.

The shaft speed was 2000 rpm under the following conditions:

1. An unbalanced wsight was placed succesaively between sach
rair of adjacent bearings.

2. Four unbalanced weights were s0 placed betwsen bearings
thet two were attached to the shaft 180° from the others. Those
woights that would exsrt centrifugal forces in the sams direction
were locabtsd equidistant from the center main bearing. The three
rogsible combinations were all balanced systems.

Similar runs were also made'using a conventional crankshaft
in place of tho straight hollow shalt. The results obtained were
egsentially similar to those Tor the straight shaft.

EXPERTMENTAT, R=SULTS

The test results are summarized in figures 8 and 9. The
applied extermal loads are indicated by solid dlscontinuous
vectors and the amplitude of the observed strain-gage signals
by dashed vectors.
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The amplitudes of the oscillograph records were used &s a crilerion
of the relatlve magnitudos of the bearing reactlon forces when external
loaeds were applied. The magnitudes of the output signals are only of
gnalitative value becaise it waa found that increase of signel was not
Linear witih the squsre of the speed. It 1s probable that distortions
in the shait and the bearing frame together with the redistribution
of oil pressure in the tearings were responsible for the noniinear
relation betwseen load and peak oil pressure immediately over the
diaphraegm on which a strain gage was mounted. Although the qualita-
tlve nature of these data limits their value inscfar as megnitudes
of reactions are considered, the existence of the reactions and thelir
directions are clearly shown by the experimwents. Similar results
were obtained in the rune in which a conventional crankshait was used
in place of the hollow straight shaft.

For comparison betwesn the test results presented in figure 8
for a force apnlled successively beoiween adjacent bearings and the
ahalytical wmredictions for a rigid crankcase given in figures 4 to 6,
a value of the stiffness parameter m approximately equal to 2 will
be assumed. The qualitative test data of figure &(a) fer a load
between bearings 1 and 2 shows reactions at bearings 1, 2, and 3,
all in the same &irection, opposed to the load. The predicted values
of figure 4 agree insofar ae number and direction of reactions are
congldered. Reeactions predicted by the analytical method for other
bearings are negligible.

Figure 8(c), which presents the distribution of reaction forces
for a load between bearings 2 and 3, shows that reactions were observed
in bearings 2, 3, and 4, a8ll in the meme direction, opposed to the
applied force. The predicted values in figure 5 d> not exactly agres
wilth this information. According to the analysis, reaction forces
ghould appear in bearings 1, 2, 3, and 4, all oppcsed tc the applied
force, although the predicted value for bearing 1 is of small megnitude.
Reactlons in other bearings were negligible.

A discrepancy exiets between experimental and predicted results
for a load applied between bearings 3 and ¢ (fig. 8(e). The prodicted
valnes of figure 6 indicate reactions for bearings 2, 3, 4, and 5,
whereas only bearings 3, 4, and 5 were affected in the tests.
Fredicted and observed reactions agree, however, in dircction; all
were opposed to the load.

According to the principle of superpositicn ordinarily anplled
vhen elasticlty alone is coneideresd, it would be expcocted that the
bearing reactions produced by several external loads ecting in
comblnation would be egual to the sumw of the bearing reactions
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individvally produced by the loads acting alone. In the region of
opsration in which the load is proportional to the running eccentricity
(equat:ion (5)), the principle of superposition would hold even when
account 1s taken of the hydrodynamic sffect of the oil film; above

the region of linearity (the region of relatively high lcads in which
the curved portion of fig. 1 holds), the principle of superpositicn
does not neceksarlly epply. The effect produced by several loads
acting in combinatlon is not nocessarily the sum of the effects
individually produced by the loads acting alone.

The experimental resulis of figure ¢ show ths ncnadditliveness
of the individual reactions produced by extermal loads acting in
combination. Superposition of ths rsactions shown in figure 8(a),
(v), (c), and (4) shounld give the distribution shown in figure 9(a).
Reactions should be almost negligible at bearings 2, 3, 5, and 6.
Figure 9(a) indicates, however, that reactions of considerable
megnitude were present at bearings 3 and 5 when the external loads
were combined. The wmost importent disparity between results
predicted by the superposition of reaction distributions of
figure 8(a), (b}, (e), and (£) and resulits that wers actually
observed under comtined loading (fig. 9(b)) was the absence of
reaction at bearings z end 6. The error in the prediction of
reaction distribution under complex external loading from reactions
observed when single extermal loads are applied is further exemplified
in Pigure 9(c). Bearings 1l and 7 carry loads that would have been
predicted to occur in bearings 2 and 6. Flgure ¢ demonstrates the
discrepancy that can exist between the distribution of bearing loads
as predicted by simple design theory and the distribution that
actually does exist under running operation.

SIGNIFICANCE OF RESULTS

The hydrodynamic effect of the oil film bebween the Journals
and the bearings of a shaft suppcrtcd on several plain bearings may
be a factor of considerable importance in the analyses of the loads
nroduced in the various bearings. An elementary approach to a
cougideratlion of thie complex factor has been pressnted. ‘The
important variasbles are Indlicated and it is concluded that sowe
control may be exercised over the bearing losds by a suitable control
over these variables.

A sultable variastion of relative clearances améng bearings may
result in a more equal distribution of loads. Eguation (1) shows
that the clearance is a very important varieble. If the clearance
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is small, even & small displacement of the shaft in the bearing will
introduce & congiderable bearing load. Thus 1t would appear that a
5light decrease of the clearsnces 1n heavings 2 and 6 would cause
these bearings to carry some of the load, and in genersl, that the
bearing losds can to some exitent be controlled by control of the
relatlve clearances. The precige type of variation that would
produce the mogt beneficial results would have to be determined dy
2dditional analyses end experimentation. In varying the relative
clearances, considerstion must be given to the fact that a change
in clearance also affects the logd-carrying capaclitiy of a bearing
as well as the loed, and that the final effect must be such es to
rngintein a safe load capacity in each bearing.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, Februsry 20, 1947.
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Figure |. - Load factor for full journal bearing with uniform viscosity

and no end leakage.
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(a) Bearing of infinite axial length,

(b) Bearing of short axial length.

Figure 2. - Representations of journal and bearing with directions
of load and eccentricity shown.

9zl



—a

NACA TN No. 1280 Fig. 3

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

r—'Zl -

(a) Rigid-body displacements and shaft-bending deflection displacements,
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(b) Figure used for determination of bending deflections dy, o and d, 5.
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(c) Figure used for determination of coefficient dp 5-

Figure 3. — Sketches showing dimensions and symbols used in derivation of analysis
in case of a shaft on seven bearings with load applied between bearings & and 7.
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Reaction at bearing n for unit applied load
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Figure 4. ~ Relative values of bearing reactions for various values

of m when w=1| with lcad applied between bearings 6 and 7. (For
lcad applied between bearings |and 2, reverse order of symbols.)
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Reaction at bearing n for unit applied load
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Figure 5. - Relative values of bearing reactions for various values
of mwhen w=1 with load applied between bearings 5 and 6. (For
load applied between bearings 2 and 3, reverse order of symbols.)
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Reaction at bearing n for unit applied load
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Figure 6. - Relative values of bearing reactions for various values
of m when w=| with load applied between bearings 4 and 5. (For
load applied between bearings 3 and 4, reverse order of symbols.)
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D Bearing frame (crankcase)

(a) Schematic diagram of installation. (Sectional view shows bearing
numbers according to conventional usage.)
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(b) Upper half of bearing shell showing modifications.

Figure 7. - Installation and bearing used in experimental investigation.
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(a) Load between bearings | and 2. (b) Load between bearings 6 and 7.
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(c) Load between bearings 2 and 3. (d} Load between bearings 5 and 6.
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(e) Load between bearings 3 and 4. (f) Load between bearings 4 and 5.

Figure 8. - Qualitative distribution of aobserved reaction forces among seven
bearings when a single load p was applied at various locations on the shaft,
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(a) Loads between bearings
l and 2, 2 and 3,
Band 6, 6 and 7.
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{b) Loads between bearings
|l and 2, 3 and 4,
4and 5, 6 and 7.
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(c) Loads between bearings
2 and 3, 3 and 4,
4 and 5, 5 and 6.
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Figure'Q. - Qualitative distribution of observed reaction forces among seven
bearings when four equal loads p were simultanecusly applied on shaft in
various combinations.



